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I n t r o d u c t i o n
One of the most interesting features of polymeric substances, synthetic rubbers, and similar compounds of high molecular weight, is the wide variety of physical properties shown by the different groups of compounds. Even within the same class of polymer, small differences in the method of preparation, or proportions of the constituent parts, may result in marked physical differences, by which the value of the compounds may be determined. Physical properties must ultimately be closely connected with internal molecular structure, as well as by the factors which determine the cohesion between long chains or the packing of closed rings. If it were possible in a few cases to correlate more precisely such physical properties as elasticity, ductility, or electrical qualities, with particular characteristics of internal molecular structure, it might become possible to synthesize compounds having any particular set of physical properties. Very few such correlations have yet been possible, and further knowledge about the structure of polymers is needed. The nature of these compounds, however, often limits the application of the usual methods of physical chemistry, although the use of X-rays and certain other methods have given some striking results (Mark, Fuoss, Marvel & O tt 1943; and Melville 1941) . Most methods used for the control and direction of large-scale production are still empirical. Measurement and analysis of the infra-red absorption spectrum might also have been regarded as an unpromising approach. Thus, substances of high molecular weight will have to be studied either as solids or in solution, and, in addition, their molecules will have very large moments of inertia. Both these circumstances preclude any analysis of rota tional fine structure which may accompany the absorption of vibrational quanta. For practical purposes, therefore, only the vibrational spectra will be observed. In principle, each molecule will have a very large number of vibrational modes, and one might expect the spectrum to be so complicated that it could not be dissected.
Further, although a mathematical treatm ent of the vibrations of long-chain systems or lattice structures can be carried out by approximation methods, it has not hitherto proved precise enough to be useful for the purposes involved.
A study of thefinfra-red absorption spectra of series of structurally related mole cules suggested th a t in spite of the above arguments, progress might be made by correlating the spectra of polymeric substances with those of simpler related molecules. It seems too th at in many cases the vibrational spectra of polymers in the region 1-25
[ iare simplified by two factors; first, the occurrence of recurr units may lead to a grouping of oscillation frequencies around a few particular values, and secondly, many vibration bands of the long-chain systems lie at lower frequencies outside this range.
I t is now well known th at characteristic vibration frequencies are associated with certain groups such as -CH3, ^>CH2, = C H , O-H, C = 0 , C =C , -N H 2, -N 0 2, and th at these frequencies remain almost unchanged in magnitude in different compounds. Such groups can be detected and even estimated spectroscopically. More important, however, is the possibility th at in a polymer, the skeleton of which is for the most part built up from a recurring unit, this unit shall have its own characteristic set of vibration frequencies which are not much affected when the units are joined together. I t has been found, for example, th at the tertiary butyl grouping (CH3)3C-has characteristic absorption bands in the region of which are only slightly displaced by a change in the residue to which the group is attached. Again, with molecules of the type .RjCH : CR2R3, there is intense absorption in the infra-red due to the motion of the skeleton in the neighbourhood of the hydrogen atom, and this absorption varies characteristically with the nature of the radicals R v R2, R3. This will be discussed below.
Again, when an unsaturated compound of the type CH2: C H . X , such as vinyl chloride, styrene, or butadiene, is polymerized, the resulting structure might be a head to head or head to tail arrangement, giving
In this case, comparison of the vibrational spectrum of the polymer with those of the simple molecules such as
may help to decide between the different alternatives, or to confirm evidence ob tained by other methods. Further, if the polymerization does not proceed exclusively according to one pattern, it may be possible to determine from the observed absorp tion intensities the relative proportions of the different types of skeleton unit which are present, and this applies particularly to the case of interpolymers.
The infra-red spectra of various rubber polymers and related substances have been described by Stair & Coblentz (1935) , by Sears (1941) , and by Williams (1936) . Wells (1940) has surveyed the spectra of various substances in a search for windows for the infra-red, and Barnes, Liddel & Williams (1943) have described measurements with synthetic rubbers particularly from the standpoint of analysis and plant control. No attem pt to analyse and correlate the spectra systematically has yet been made. We have therefore begun a survey of the spe.ctra of different classes of compound, and of the associated monomers and related simpler molecules. The measurements have enabled us to work out the best experimental methods, and have revealed the most promising lines for more detailed study. So far, most of our measurements have been confined to the region 5-20/4, which includes most vibration frequencies other than those determined by the stretching of C-H bonds. The resolving power which we have so far used is not great enough to reveal fine details in the region of 3/4. The conclusions so far reached are in many cases incomplete, but so many data have been accumulated th at it seems desirable to summarize them now, so as to simplify later and more detailed accounts.
The substances which have been measured can be divided into the following classes: (1) hydrocarbon-type polymers such as polythene, polyisobutylene, rubber and polystyrene; (2) halogen-containing polymers such as polyvinyl chloride, polyvinylidene chloride, neoprene and halothenes; (3) oxygen-containing substances such as polymethyl acrylate and methacrylate, polyvinyl alcohol, polyvinyl acetate, and substances containing the peptide linkage such as nylon. While this rather arbitrary classification is not based on structural analogies, it is the most convenient for preliminary purposes. The present paper deals with the first class. E x p e r i m e n t a l m e t h o d
The polymers were usually examined as thin solid films. In some cases they were supplied ready for use, and in others they were made by evaporation of solutions from the surface of mercury, or from a heated glass plate. The thickness of a film could be controlled by correct choice of concentration or amount of solution used. The particular solvents used for the different polymers are stated in the individual cases below. Waxy substances were used as thin solid layers between a pair of rocksalt plates, or as liquids in a heated cell made by placing nichrome heating coils around the edges of two rock-salt plates separated by a suitable w asher. Since the heater gave a detectable infra-red emission, it was placed on the side of the cell away from the spectrometer'.
Two spectrometers were used. One was a Hilger automatically recording Littrow spectrometer with 30° rock-salt prism, of about 100 cm. length of refracting face. A very sensitive Hilger-Schwarz differential vacuum thermocouple of 90 ohms resistance was used as detector, and the degree of resolution of water and ammonia absorption fines used in the calibration showed that the resolving power of this instrument was high. Deflexions of a moving-coil galvanometer nf 10 ohms resist ance and sensitivity 150 mm.///A at 1 m., used as primary, were amplified by means of a twin photocell amplifier, which fed a Tinsley moving-coil galvanometer of 450 ohms resistance and sensitivity 1200 mm.///A at 1 m. The recording was taken from the latter photographically on a camera drum, geared to the mechanism which rotated the prism.
For the regions 14-20 / / and at wave-lengths below about 7//, a Hilger D 88 spectro meter was used, modified by the introduction of a Schwarz thermocouple and ampli fier similar to the above. This spectrometer has interchangeable prisms of quartz, fluorite, rock salt, and sylvine, and although its resolving power with a rock-salt prism is not quite so high as th at obtained with the above Littrow spectrometer, it has the advantage of the sylvine prism for the region 14-20//, and also the greater dispersion of fluorite for the region just below 7//. I t is also more satisfactory than the recorder for use in the region around 6 / / , where there are absorption bands due to atmospheric water vapour.
H. W. Thompson and P. Torkington
T h e s p e c t r u m o f p o l y t h e n e Figure 1 shows the absorption spectrum of a sample of polythene, the mean molecular weight of which, measured by viscosity, was stated to be 13,000. Two oriented films were used, 0*05 and 0-30 mm. in thickness. The absorption percentages shown in figure 1 cannot be taken as strictly accurate for two reasons. First, the films were not uniform in thickness over their whole area, and an average value was taken. Secondly, the irregularities in the surfaces of the films caused a marked general scattering, so that comparisons of the transmission through the film and through air were not quite valid. This scattering has the effect of raising the ' base-line ' of the absorption by an indeterminable amount; in the curves shown an attem pt has been made to correct the absorption curves actually measured so as to allow for this scattering error. The striking feature of the spectrum is the transparency of poly thene over wide regions. This presumably arises, partly at least, from the essentially non-polar nature of the substance, since the intensity of absorption is connected with the variation of electric moment during vibration. Most other polymers show intense absorption over a wide spectral range, even with much thinner films.
The absorption at about 2900 cm.-1 (3-4//) is due to absorption of frequencies associated with the vibrations of C-H bonds. It has-been examined in detail by Fox & Martin (1940) for extracts of polythene in carbon tetrachloride, using the higher resolving power of a grating spectrometer. The dispersion and resolving power which we have so far used for this region does not bring out the fine details of this group of bands. Next in intensity are the two bands at 6-85 and 13-85//. The former is characteristic of all compounds containing CH2 groups, such as paraffins and naphthenes, and is connected with a deformation vibration of this group. The band at 13-85//, which appears as a doublet with the solid films of polythene, is almost certainly connected with a vibration (or close pair of vibrations) of the long carboncarbon chain. Normal paraffins with more than four carbon atoms in the chain, or any other paraffins whose molecule contains a similar long unbranched chain, have a single strong band at this wave-length, and we have recently detected it also in other long-chain molecules such as stearic acid and dodecyl compounds. Figure 2 shows the absorption spectra of normal-hexane, normal heptane, normal decane and a mixture of octadecane with nonadecane, over the relevant, range of wave lengths. W ith each of these substances the bands at 6-85 and 13-85/^ are prominent, and with each of the liquid paraffins the latter band is single, and not a doublet as with solid polythene. This point is referred to again below. I t is im portant to note th a t the detailed mathematical treatm ent of the vibrations of long-chain paraffins by Whitcomb, Nielsen & Thomas (1940) fails to account satisfactorily for the strong band a t 13-85, although this is one qf the main features of their spectra. Since their calculations referred primarily to an infinite chain, the disagreement of their deduc tion with the established band of polythene is even more striking.
The infra-red spectra of polymers and related monomers The other definite bands in the spectrum of polythene are at about 7-25, 7-65, 9-25 and 11-25 /i,although there is some feeble absorption at other wave-length The band at 9-25//. is probably composite; that at 7-65 is probably connected with a rocking or bending motion of the methylene groups, like the band at 6-85
The band at 7-25// is particularly interesting, since it lies at the wave-length characteristic for absorption of the symmetrical deformation frequency of the methyl group. Comparison of the relative intensities of the absorption at 7-25 and 6-85// in the case of a large number of normal paraffins, singly, doubly and multiply branched paraffins, and naphthenic hydrocarbons, has shown th at the relative intensity of the band a t 7-25/4 increases as the proportion of methyl groups in the molecule is increased, and this band is absent when no methyl groups are present. The absolute extinction coefficient per methyl group is higher than th at per CH2 group, so th a t even when there are many more CH2 groups than CH3 groups, the two bands have roughly equal intensity. In the sample of polythene used for figure 1, therefore, there are relatively few, but certainly some, methyl groups. This provides an independent confirmation of the earlier conclusion of Fox & Martin, which was obtained from a study of the absorption bands at about 3-4/4.
H. W. Thompson and P. Torkington 
POLYTHENES OE DIFFERENT MOLECULAR WEIGHT AND CRACKED POLYTHENES
W ith the lower normal paraffins, there are definite alterations in the absorption spectrum on passing from one member to the next higher homologue. W ith more than about 8 carbon atoms the spectra become progressively more alike. It seemed desirable, however, to see whether any systematic variation could be detected in the spectra of polythenes of different chain length. For this purpose, two sets of samples were obtained. The first included: (i) a xylene extract, ref. no. 25/B/534, molecular weight 7100, supplied as a solid film; (ii) a waxy ether extract, molecular weight 2400; and (iii) a wax, molecular weight 1400, ref. 'Catalytic Process'. The second set of four specimens was a group obtained by cracking polythene of high molecular weight, three being waxes of molecular weights 500, 700 and 1100, and the other a solid film of molecular weight 5000.
The absorption spectra of the first set over the range 5-14p are shown in figure 3-Exactly equal thicknesses could not be obtained, and this, together with the irregular scattering already mentioned, makes it difficult to compare accurately the absorption percentages of the main bands. The curves shown have been obtained by recalculation from the measurements sd as to correspond to a constant thickness of about 0-1 mm. Although the main bands of high molecular weight polythene at
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Polythene 7100
Polyth e n e 2400 Po l y t h e n e 1400 K > (I F ig u r e 3 6-85, 7-25, 7-65 and 13-85/1 are reproduced in the spectra of figure 3, there are definite differences among the feebler bands with the different samples. These variations might indeed arise because the different lengths of chain have different vibrational spectra, but there are no obvious regularities, and it will become clear from the other results given below th at the results are better explained if the different samples contain varying amounts of key groups.
The spectra of the cracked polythenes are shown in figure 4. They form a regular series among themselves, and also show noticeable differences from the samples of figure 3. Here again, owing to the unequal thicknesses of the films used, the curves have been corrected so as to be roughly comparable. It is seen that the cracked polythenes show the same key bands at polythene 13,000, namely, at about 6-85, 7-25, 7-65 and 13-85//. In other regions, however, there are marked differences from the parent polythene, particularly in the region of 6//, and between 10 and 11-5/6.
As the molecular weight decreases, a band at 11-02 not detectable in polythene 13,000, increases steadily in intensity, and the same applies to a band at 10-1/4. Another band at 10-35/4 is found with the cracked polythenes, but is probably absent from the spectrum of polythene 13,000. The band at 11-25/4, well marked with the cracked samples, might correspond to th a t found with polythene 13,000, but this is unlikely. Also, the broad maximum found with polythene 13,000 at about 9-25/4 may be displaced towards longer wave-lengths as the molecular weight is decreased. In this respect there was a difference between polythene 13,000 and the sample of molecular weight 1400, ref. Two other bands, at 5-85 and 6-1/4, are well marked in the spectra of the cracked polythenes. These peaks, at 1710 and 1640 cm.-1 respectively, are too widely separated to be branches of the same band. Moreover, their relative intensity varies in the different samples, suggesting th at they are separate vibration bands. The lower frequency 1640 corresponds to what would be expected for the valency vibration of a normal carbon-carbon double bond, and th at at 1710 to the corresponding vibra-tion of a carbonyl linkage. This interpretation is supported by the facts th a t (i) the intensity of absorption due to the carbon-carbon double bond increases more or less uniformly as the cracking proceeds, more unsaturated materials being formed, (ii) the spectrum of oxidized polythene given below shows the peak at 1710 with high intensity.
The vibration frequency associated with the C = C bond is not much affected by the attached groups, unless there is a'conjugated system such as -C = C -C = 0 . The normal value of the frequency actually observed in the present case therefore excludes such a conjugated structure with the carbonyl group. On the other hand, the vibration frequency of the carbonyl group varies appreciably with the radicals attached to the carbon atom, as Kohlrausch has shown. Possible structures which might be considered for the cracked polythenes are the following:
The infra-red spectra of polymers and related monomers Most of these can be excluded on general grounds, or for spectroscopic reasons, or both. Thus, the observed carbonyl group absorption band is at 1710 cm.-1. The Raman frequency of the carbonyl link vibration in carboxylic acids is about 1650, and conjugation with an unsaturated bond as in (7) or (8) also leads to low values. The only skeleton structures which fit the facts are (3) and (5). Aldehydes have a Raman interval of about 1720, and ketones one of about 1710. It is im possible to decide at present between the two alternatives. If, however, the polythenes contained an aldehyde group, it could occur either at the end of a chain, -C-C-C^C -G-C-C-CHO, or as a side chain, | . In the former case, fully CHO oxidized polythene might be expected to have some carboxylic groups. This is not suggested by the spectrum. If side-chain aldehyde groups were present, these might be formed during the oxidation of polythene by oxidation of side methyl groups, leading to a reduction of the absorption by these groups. This, again, does not seem to occur, and the balance of evidence suggests th at the cracked polythenes may contain the ketonic chain -C-CO-C-.
The cracked polythenes have four absorption bands between 10 and 11*5/4, namely, at 990, 966, 909 and 889 cm.-1. All four bands increase in intensity as the cracking proceeds, and might therefore be expected to be connected with vibrations of an unsaturated skeleton; and, further, by vibrations which are determined by nuclei close to the carbon-carbon double bond. Several nuclear skeletons can be visualized for the region of the C = C bond. These are:
Ry-CH=CH-W ith polythenes, the tetra-alkyl olefine type (5) is so improbable th a t it need not be considered further. The infra-red absorption spectra of hydrocarbons of each of the other types have recently been measured, and can be compared with those of the cracked polythenes. Table 1 lists some of the compounds so far examined; substances like isoprene and piperylene are allocated on the basis of their molecular structure to two classes of nuclear skeleton. In figure 5 the spectra of examples of each class are shown over the range 9-14//. Inspection of the curves of figure 5 reveals the striking fact th at for all members of class (1) the two most intense bands in the spectrum lie close to 910 and 990 cm.-1, so th at these bands may be used as a characteristic of the vinyl radical -CH-CH2 in hydrocarbons. Similarly, compounds of class (3) have an intense characteristic absorption between 960 and 970 cm.-1, and those of class (2) have one at about 890 cm.-1. Detailed considerations with some of the simpler olefines, which will be described elsewhere, shows th at these characteristic vibrations are associated with deformational motions of the CH bonds in the skeleton. Similar results have been found with molecules containing a similar skeleton, such as vinyl chloride, vinyl bromide, vinylidene chloride, cetene and stearic acid, and these will be given in other papers of this series. W ith compounds of the class (4), there is no corre spondingly well-defined vibration band, although few substances of this type have yet been measured.
The infra-red spectra of polymers and related monomers This differentiation between the different types of unsaturated structure is also borne out by the Raman spectra of the hydrocarbons concerned. It must be remem bered that in principle the Raman frequencies of a molecule may not be directly comparable with those deduced from the infra-red spectrum, since different selection rules come into play, and frequencies which are strong in one case may be weak in the other. I t is found, however (Kohlrausch 1938; Bourguel & Piaux 1935; Piaux J935 J Gredy 1935) , th at olefines of class (1), such as butene-1, pentene-1, nonene-1 and allyl cyclopentane, all show frequencies of about 910 and 990 cm.-1, and those of class (3), such as pentene-2, hexene-2, heptene-2 and octene-2, show one of about 970. The Ram an data suggest th a t the latter frequency is probably connected with the cis form, and further infra-red measurements on the and trans forms may lead to a more exact correlation than th a t given here. Similarly, 2 .3-dimethyl-1.3-butadiene, of class (2), has a Raman frequency of 893. Dr R. Rasmussen has recently informed us that he has also reached similar conclusions to the above from measure ments on the infra-red spectra of a large number of olefines. Now the strong bands which appear in the cracking of polythene are at about 990, 966, 909 and 889 cm.-1. The intense pair at 990 and 909 can at once be correlated with the structure R -C H = C H 2, 966 with the structure R x-C H = C H --i?2, and 889 with R 1R 2 C = C H 2. I t should be possible, if the necessary calibrations were first made, to estimate from the relative intensities of the different bands the proportions of the different structures which are formed in the cracking operation. I t may be noted th at the production during cracking of the structures of type (2), namely, -ft(CH3)C = C H 2, is satisfactorily explained without migration of methyl groups if the original polythene sample contained methyl groups on the side of the main carbon chain.
We can now reconsider the spectra of polythene 13,000 and the waxes of lower molecular weight (figure 3). The spectrum of thicker films of polythene 13,000 (figure 1) shows vfery feeble maxima at 5*85 and corresponding to C = C and C = 0 linkages, although at very low concentration. The absolute extinction coeffi cient of the carbonyl group is known to be much higher than th a t of the C = C linkage, and it can therefore be inferred from the rough equality of absorption of polythene a t 5*85 and 6 -I/1 th at this polymer probably contains groups than C =C groups. Each of the waxes shows a feeble band a t 5-85 which is more marked with the polymers 2400 and 1400. These bands are attributed to the carbonyl group, and it may be th at the shorter chains are richer in this linkage. Most of the other feeble bands can be correlated with small amounts of unsaturated structures discussed above. Absorption at 5-85/1 due to the C = C bond may be masked in samples 2400 and 1400 by the neighbouring carbonyl group absorption.
H. W. Thompson and P. Torkington T h e s p e c t r u m o f o x i d i z e d p o l y t h e n e
The absorption spectrum of a thick solid film of highly oxidized polythene has been measured, with the following main results: (i) the carbonyl group absorption at 5-85/1 is very intense; (ii) the band at 7-25//, characteristic of methyl groups is at least as pronounced as in ordinary polythene; (iii) a new band appears at about 8-5/i; this is not found with any other polythene or cracked polythene, and may be connected with a vibration of the carboxyl group; (iv) the bands associated with an unsaturated skeleton are weak.
T h e e f f e c t o f s t a t e o f a g g r e g a t i o n Since, as described above, comparisons had to be made between the spectra of liquid and gaseous paraffins and th a t of solid polythene, it was desirable to know how the spectrum of polythene is affected by melting. Four samples, of molecular weights 700, 1100, 2400 and 7100, were examined in the solid and liquid state. The spectrum is essentially unchanged by the change of phase, and any displacement of the wave-lengths of the main bands must be very small. It is interesting, however, th a t the doublet bands a t 13-85// found with solid polythene always appear as a broader and shallower single band when the liquid is used. While no explanation can at present be given for this effect, it may be noted th at the absorption bands of simple paraffins sharpen when the substances are cooled to very low temperatures and measured in the solid state (Avery & Ellis 1942) . When long-chain polymers are available as oriented solid films, the use of plane polarized radiation for measuring the spectrum should throw some light on the molecular structure; for in these circumstances the relative intensity of different bands may change according as the plane of polarization of the incident beam is parallel or perpendicular to the molecular chains, and some information about the orientation of groups attached to the main chain may be obtained.
Plane polarized radiation was made by reflexion from a plane selenium mirror at the correct angle of incidence (about 70°). The degree of polarization for sodium D lines was measured and found to be about 97 %. According to Pfund (1906) this degree of polarization extends far into the infra-red. The loss of intensity at the selenium mirror was high, but using slightly wider slits the effect could be studied on the two strongest bands of oriented polythene at 6*85 and 13-85//. The relative intensity of the two bands was measured with the direction of the oriented chains in the molecule successively in positions parallel and perpendicular to the plane of polarization of,the incident radiation.
A small difference was found, but owing to the errors arising from general scat tering by the film, its reality was doubtful. It is unfortunate that so few intense bands occur in the spectrum of polythene upon which the effect can be tested, and it is hoped shortly to use oriented films of other polymers containing more polar groups.
T h e s p e c t r a o f p o l y i s o b u t y l e n e , b u n a a n d h y d r o -r u b b e r These spectra were measured not only for their intrinsic interest, but also in connexion with the determination of methyl groups in polythene, since the content of methyl groups in polyisobutene and hydro-rubber is known and might be used as reference standards. The spectra of isobutylene, 1 .3-butadiene, isoprene and piperylene, will be described elsewhere soon.
A range of polyisobutenes was examined; these varied from viscous liquids of molecular weight about 9000 to rubbery solids of molecular weight about 100,000. No variations could be detected in the spectrum with changing molecular weight. The curves shown in figure 6 were obtained with films about 0*17 and 0-02 mm. thick, made by evaporation from a solution in petroleum ether from the surface of mercury. Polyisobutene is transparent over wide spectral ranges, such as 12-20 and 5-T/i. The characteristic bands due to vibrations of methyl and methylene groups at about 7-25 and 6-8 ju,are intense, but the methyl group vibration doublet, with components at 1370 and 1395 cm.-1. This doubling is not at present explained, but it may be noted th a t it occurs in a similar way with tertiary butyl benzene and isopropyl benzene but not with ethyl benzene or normal propyl benzene. This suggests th at it occurs when two methyl groups are attached to the same carbon atom, and it is, in fact, found, though less markedly, in the spectra of 2 .2-dimethylbutane, 2 .2-dimethyl-pentane, 2 .2-dimethyl-hexane, 2 .2 .4-trimethyl-pentane and 2 .2 .3 -trimethyl-pentane. The intense absorption .of poly isobutene at about 1200 cm.-1 is also similar to th a t of molecules containing the tertiary butyl grouping, or 3.3-dimethyl-pentane and 3 .3-dimethyl-hexane; and both the bands at about 1200 and the doublet at about 940 cm.-1 are almost certainly due to vibrations of the distorted C4 tetrahedron in the molecular skeleton.
The spectrum of a sample of buna 85 is also shown in figure 6 . This specimen was made by the polymerization of 1.3-butadiene in the presence of sodium. Solid films about 0T2, 0-08 and 0-02 mm. were prepared by evaporation from solutions in ethylene dichloride on the surface of mercury. The polymerization might proceed by 1.4 addition, giving -CH2-C H =C H -CH2-CH2-C H = C H -CH2-or by 1.2 addition, giving-CH2-CH-CH2-CH-I I CH CH II II c h 2 c h 2 or a combination of both. The spectrum measured shows the C = C oscillation at about 1660 cm.-1, and a variety of CH deformational modes between 1300 and 1500. I t is possible th a t the C = C vibration is double. The intense bands a t 905, 995 and 965 are more interesting. As described above, these indicate the presence of structures -C H = C H 2 and ft±-C H = C H -ft2. Hence the polymerization has proceeded simultaneously by both 1.4 and 1.2 addition, and calibration of the band intensities would make it possible to determine the extent of each type. Figure 6 shows the spectrum of hydro-rubber, which contains the skeleton -CH2-CH-CH2-CH2-CH2-CH-CH2-CH2-I I c h 3 c h 3
This substance is a highly viscous liquid, which was melted on to a rock-salt plate as a thin film and allowed to set. Some features of the spectra of branched chain paraffins such as isohexanes and iso-octanes are reproduced in this spectrum, but discussion must be postponed until the facts are more complete. For present pur poses, it should be noticed th a t the absorption by methyl groups at 7-25/4 is much stronger than in polythene, and it is not a doublet, as with polyisobutylene. The strong band a t about 735 cm.-1 is displaced from the position a t 725 cm.-1 found with straight-chain paraffins; this agrees with what is found for some singly branched paraffins such as 2-methyl-pentane.
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POLYISOBUTENE

HYDRO-RUBBER
T h e s p e c t r u m o f s t y r e n e a n d p o l y s t y r e n e Figure 7 shows the spectrum of polystyrene between 5 and 20/4. The sample was made by the slow polymerization of styrene, and the solid films used for these measurements were 0-03 and 0-09 mm. thick, made by evaporation on mercury of Vol. 184. A. solutions in xylene. The spectrum is very complicated, and any detailed allocation of the vibration frequencies to particular modes would be purely speculative. We can, however, correlate the band at 758 cm.-1 with a characteristic vibration of the phenyl group, and th at at 1460 with the deformations of the CH2 group. The spectrum shows certain similarities with those of isopropyl and tertiary butyl benzene, and noticeably fewer with th at of normal propyl benzene.
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H. W. Thompson and P. Torkington The Raman spectrum has been measured by Signer & Weiler (1932) , and in table 2 the two sets of data are compared.
The band found at 1380 corresponds to th at characteristic of the methyl group deformation, and might suggest the presence of CH3 groups in polystyrene. This would imply the presence of the group -C(CH3) (C6H 5)-in the chain. Although this must be regarded as probable, it must not be forgotten th at the band at 1380 cm.-1 might be explained as an overtone or combination frequency. Thus, there is an intense band at 701, the overtone of which might be responsible for the band at 1380. Figure 7 also shows the spectrum of styrene. The marked differences would provide a means for following the rate of polymerization.
M e t h y l g r o u p s i n p o l y t h e n e
The existence of methyl groups in polythene, revealed by the band at 7*25/^, is a m atter of some importance. The ratio of CH2 groups to CH3 groups could be deter mined in either of two ways. If, as a first approximation, it is assumed that the optical extinction of groups such as CH2 and CH3 is independent of the rest of the
